The investigation of the electron and hole energies and probability densities is performed for the cases with and without the donor hydrogenic impurity placed into the centre of quantum dot quantum well structures with dierent thicknesses of layers. The oscillator strengths of intra-and interband quantum transitions in GaAs/AlxGa1−xAs core/shell/well/shell spherical quantum dot with ionized on-center donor impurity are estimated. The oscillator strengths of quantum transitions non-monotonously depend on the width of the layers due to the dierent location of carriers. The optimal geometrical parameters of the nanostructure are estimated for the possibility of multicolor light emission based on interband quantum transitions.
Introduction
The semiconductor low-dimensional quantum heterostructures (i.e. quantum wells, wires, and dots) are conspicuous in many technological applications such as infrared photodetectors [1] , lasers [2, 3] , light emitting diodes [46] , single electron transistors [7] , etc.
The modern advances in semiconductor technology allow the preparation of more complex structures than the simple quantum wells, wires, or dots. Such structures as multiple quantum rings [8] , complex quantum wires [9, 10] and the quantum dot quantum well (QDQW) structures The spectra of quasi-particles in QDQWs and inuence of geometric parameters and doped impurities is to be studied in detail in order to assure that the white light sources can be produced on their base. The pioneer theoretical and experimental investigations of multilayered spherical nanostructures were performed in [16, 17] . The results of calculations of interband transitions energies obtained within the eective mass approximation correlated well with the experimental data even when the size of the certain layer of nanostructure was 12 lattice constants. Besides, in the framework of this method, the energy spectra of the electrons in AlGaAs/GaAs quantum rings with the sizes of 24 nm [18, 19] were studied and the results of numeric calculations and experimental * corresponding author; e-mail: ktf@chnu.edu.ua data correlated, too. Thus, the eective mass approximation remains the basic theoretical method because using it one can obtain the exact solutions of the Schrödinger equations even for the multilayered systems.
The analysis of the energies and probability densities of carriers in QDQWs was performed in [1115] . It was shown that the energies and localization of carriers in these structures depend, mainly, on the core radius and shells sizes. It is well known that an impurity realizes the important eect at the optical properties of QDQWs, too. The presence of charged impurity in QD changes the potential of size quantization, aecting both the quasiparticles energy spectra and oscillator strengths of radiation transitions. The hydrogenic impurity states in QDs were widely studied by many authors [2025] . The general theories of quasiparticles energy spectra in spherical nanosystems with shallow impurities in QD: quantum antidot with donor impurity [20] and QD with acceptor impurity [21] were developed. In [22] , the energy spectrum and wave functions of electron in multi-shell QD with donor impurity were obtained in the framework of the eective mass approximation using the variational method.
In In [24] , the oscillator strengths of intraband quantum transitions for the electron in GaAs/ Al x Ga 1−x As multishell spherical QD with parabolic connement and on-center donor impurity were calculated.
In [25] the exact and variational calculations of a hydrogenic impurity binding energy in QDQW were performed taking into account dierent eective masses and dielectric constants of nanosystem layers.
These theoretical investigations prove that when the on-center impurity is present in nanostructure, the max- 
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The sign + is taken for the electron and is for the hole. The eective masses and conning potentials are given by the formulae
The potential energy of electron in the eld of on--center impurity, taking into account the mismatch of dielectric constants of dierent media, U imp (r) is written
where ε 0 and ε 1 are the dielectric constants of GaAs and Al x Ga 1−x As, respectively. U Considering the small dierence between the dielectric constants, the potential energy (4) can be replaced by the approximated expression U imp (r) ≈ −e 2 /(εr) with averaged dielectric constant ε = (ε 0 + ε 1 )/2. Herein, the largest error (at r = 0 and r > r 2 ) does not exceed 4% and in the region where the quasiparticle is mainly located, its value is less than 2%. The contribution of the term U p e,h (r) can be ignored comparing to the conning potential and the Coulomb potential of interaction between quasiparticles and impurity due to the small value of the coecient (ε 0 − ε 1 )/(ε 0 + ε 1 ).
Considering the spherical symmetry of the structure, we obtain the equations for the radial parts of electron and hole wave functions
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where F (a, b, z) and G(a, b, z) are the conuent hypergeometrical functions of the rst and the second type, 
.
The coecients B , i = 0, 1, 2,
and normality condition ∞ 0 R e,h n (r) 2 r 2 dr = 1.
In dipole approximation, the oscillator strengths of interband quantum transitions are proportional to the square of wave functions overlapping integral [22] :
where E is the energy of quantum transition, given by formula
The selection rule for the interband transitions is ∆ = 0. We are going to perform the numerical computation of oscillator strengths of interband quantum transitions between the ground states (F 1s−1s ) and the rst excited states (F 1p−1p ) for the electron and hole.
The oscillator strengths of intraband quantum transitions in dipole approximation are written according to [23] as 
The selection rule for the intraband transitions is ∆ = ±1. We are going to calculate the oscillator strengths of intraband transitions from 1p-and 2p-states to ground state.
Analysis of the results
The computer calculations were performed using the physical parameters of Al x Ga 1−x As semiconductor with The same situation is observed in Fig. 4 at the varying shell-well width (ρ). In case without the impurity, the electron primarily locates in outer shell-well when its width increases because its eective mass is smaller than the hole one. When the impurity is present, the electron tunnels into outer well at bigger ρ than the hole. The abovementioned conditions can be created for the nanostructure without the on-center impurity with geometrical parameters: r 0 = 6 nm, ρ = 4 nm, ∆ > 2 nm.
Presence of the impurity in the core-well dramatically reduces the oscillator strength of 1s1s interband transition.
In order to create the emitting sources based on the intraband transitions, it is necessary to reduce the probability of relaxation of excitations via the interband transitions. The dependence of oscillator strength of 1p1p interband transition has sharp minimum at r 0 = 7 nm for the case without impurity (thin dash curve in Fig. 5b) but it coincides with the minimum of 1p1s intraband transition (thick dash curve in Fig. 5e ). The on-center impurity in QDQW shifts these minima to the opposite sides, so at r 0 = 8 ÷ 9 nm the large magnitudes of oscillator strengths of intraband transitions correspond to the minimal values of F 1p−1p . The behavior of oscillator strength of intraband transition F 2p−1s is opposite to F 1p−1s . The maximum of F 2p−1s corresponds to the minimum of F 1p−1s . This fact is observed for the dierent dependences of oscillator strengths both for QDQW with and without impurity.
Summary
The energies and distributions of probability den- 
